Abstract: Partial thermal remanent magnetization data from clasts in pyroclastic density current (PDC) deposits provide information on the emplacement temperatures of both lithic and juvenile magmatic clasts contained in the deposits. We collected palaeomagnetic data from clasts in PDC deposits emplaced during historical eruptions of two volcanoes in Ecuador, the 2006 eruption at Tungurahua and the 1877 eruption at Cotopaxi. These eruptions were characterized by emplacement of PDCs mainly related to boiling-over activity. The deposits of these eruptions are similar and are characterized by cauliflower-textured juvenile scoria clasts up to 1 m in diameter and a diverse assemblage of lithic clasts surrounded by an unwelded ashy matrix. On the basis of progressive thermal demagnetization experiments, we infer that emplacement temperatures for most of the lithic clasts in PDC deposits are below 90 8C. In contrast, palaeomagnetic data from juvenile clasts from the same deposits provide emplacement temperatures higher than 540 8C. These data indicate the PDC were thermally heterogeneous over short length scales (decimetres) also after deposition. We hypothesize that PDCs emplaced by the boiling-over mechanism cool quickly owing to atmosphere entrainment, causing the juvenile clasts to form a rind that retains heat and that also prevents lithic clasts from appreciable heating. Several deposits on Cotopaxi, despite being morphologically similar to the PDC deposits, contain both cold lithic and juvenile clasts, which we interpret to be lahar deposits formed by PDCs travelling across glacial ice and snow. Rare deposits containing both hot lithic and hot juvenile clasts are classified as wellmixed, hot PDCs, and were erupted during a more energetic phase at Tungurahua.
Eruptions in 2006 at Tungurahua volcano and in 1877 at Cotopaxi volcano, northern Ecuador, produced similar deposits, which resulted from similar eruption styles that have been described as 'boiling over' (Wolf 1878; Hall & Mothes 2008; Kelfoun et al. 2009; Pistolesi et al. 2011) . 'Boiling over' occurs when strongly vesiculated magma fountains or froths over a crater rim without forming a convective plume (or the plume is a small fraction of the eruptive output). The process is a poorly understood phenomenon, despite being widely cited to explain thermally differing eruption products (e.g. Carrasco-Nunez & Rose 1995; Freundt 1999; Fulop 2002; Soler et al. 2007) .
The 1877 Cotopaxi and 2006 Tungurahua boiling-over eruptions produced a characteristic type of pyroclastic flow deposit, which is unusually rich in giant scoria bombs. These deposits are paradoxical because charred wood and fluidaltextured, extremely fragile juvenile clasts suggest hot emplacement temperatures, whereas the presence of uncharred wood and unmelted plastic indicates low temperatures. In this study we have estimated the deposition temperatures of lithic and juvenile clasts within these pyroclastic density current (PDC) deposits using the common palaeomagnetic method of progressive thermal demagnetization (Paterson et al. 2010 and references therein) to examine the possibility that a pre-existing remanence in the lithic and juvenile clasts has been partially to completely thermally unblocked after the deposits came to rest at elevated temperatures, and a subsequent, partial or complete thermoremanent magnetization has been blocked in cooling. Because the PDCs have strongly impacted the communities around Tungurahua and Cotopaxi, a better understanding of the eruption styles and emplacement mechanisms will advance efforts to minimize damage in future eruptions.
Background

Location and eruptive history
Cotopaxi and Tungurahua are stratocones located in the Andes of north-central Ecuador (Fig. 1) . Cotopaxi is 50 km south of the capital city of Quito, and Tungurahua is 90 km further south. Both Cotopaxi and Tungurahua have erupted PDCs generated by a boiling-over style. The deposits emplaced by this eruptive activity are characterized by prevalence of scoria-bomb-rich PDC deposits at both volcanoes (Wolf 1878; Hall & Mothes 2008; Kelfoun et al. 2009 ). Products from both volcanoes range from mafic andesite to dacite and rhyolite (Hall & Mothes 2008; Samaniego et al. 2011) but the most recent eruptions are almost entirely andesitic.
Between 1600 and 2000 CE, Tungurahua experienced 15 eruptions. Eruptions were moderately explosive, typically VEI (Volcanic Explosivity Index) 2 to 4, and produced lava flows, tephra and PDCs. The flanks of the volcano are populated with farms and villages, and the town of Baños (current population 9500: Fig. 2a ) is approximately 8 km away from the summit vent. Several larger eruptions damaged property and caused fatalities, including the eruptions of 1886, 1916 and the recent cycle, which began in 1999. From 1999 to 2006, the activity at Tungurahua was mostly Strombolian but, in 2006, it became more explosive (Steffke et al. 2010) . Steffke et al. (2010) used thermal infrared cameras to demonstrate that large amounts of air were entrained into the PDCs and the plume during this last eruption. The peak of activity occurred in July and August 2006, which produced gas emissions, explosions, lahars, lava flows, tephra and PDCs (Samaniego et al. 2011; Douillet et al. 2013a, b) . We focused on the 2006 PDC deposits in this study. Tungurahua's activity continues to the pres-ent day.
Twenty-four eruptions have occurred at Cotopaxi since the early 1700s, the most noteworthy being in 1768 (Wolf 1878; Pistolesi et al. 2011) , which produced a lahar that travelled over 320 km in 18 h (Mothes et al. 1998) . The eruption in 1877 produced PDCs that melted much of the glacial icecap and produced large-volume lahars (Fig. 2b) . Tephra fell for several hours and the final gasp of the eruption resulted in several thick andesite lava flows, which only travelled a few hundred metres from the summit (Pistolesi et al. 2011) . We focused on the 1877 deposits at Cotopaxi.
Pyroclastic density currents from boiling-over eruptions
Pyroclastic density currents (PDCs) are produced by lateral blasts, dome collapse, column collapse and pyroclastic fountaining (Branney & Kokelaar 2002) . Most commonly, strong pyroclastic eruptions generate columns that lose their initial buoyancy and collapse to form PDCs. Low fountains lack convective columns and begin to flow as density currents as soon as they breach the crater rim (Fig. 3) . These are referred to as 'boiling-over' eruptions, a term coined from the 1877 eruption at Cotopaxi (Wolf 1878) .
Boiling-over eruptions have been witnessed and described at several volcanoes (e.g. Wolf 1878; Taylor 1958; Hoblitt 1986; Clarke et al. 2002; Shea et al. 2011; Hall et al. 2013) , and inferred by inspection of deposits from unwitnessed eruptions (e.g. Carrasco-Nunez & Rose 1995; Fulop 2002; Soler et al. 2007 ). Numerical models have simulated PDCs sourced by boiling-over fountains (Freundt 1999; Clarke et al. 2002; Dufek & Bergantz 2007) . Conditions in the models that result in boiling-over eruptions are high volume flux coupled with low exit velocity (Dufek & Bergantz 2007 ) and a low volatile content (Clarke et al. 2002) . As pre-eruptive water content in melt inclusions from 2006 Tungurahua juvenile clasts indicate volatile concentrations of up to 4% (Myers 2012) , the low viscosity of mafic andesite may play a greater role than volatile contents in producing a boiling-over fountain as opposed to a buoyant column.
Pyroclastic density currents produced by boilingover eruptions have short run-out distances due to their low initial velocity, and they tend to produce thick, poorly sorted deposits (Dufek & Bergantz 2007) . Several studies interpret PDC deposits that lack contemporaneous large-volume fallout deposits as resulting from a boiling-over mechanism, exemplified by Chitelaltepetl volcano, Mexico (Carrasco-Nunez & Rose 1995; Branney & Kokelaar 2002) . Some workers proposed that boilingover PDCs entrain less of the ambient atmosphere than other PDC types, resulting in little cooling of the flow prior to deposition (Freundt 1999; Cioni et al. 2004) . 'Boiling over' has also been invoked for silicic eruptions on the basis of interpretations of relatively high emplacement temperatures , which are attributed to the lack of atmospheric entrainment during flow. These deposits include welded units in the Gutai Mountains of Romania, Vilama in the Central Andes, Grey's Landing in the USA, the Garth tuff in Wales, the 79 AD eruption at Vesuvius in Italy and the Cerro Galan ignimbrite of NW Argentina (McArthur et al. 1998; Fulop 2002; Cioni et al. 2004; Soler et al. 2007; Andrews & Branney 2011; Cas et al. 2011; Lesti et al. 2011) . We question the inference that 'boiling over' results in lower entrainment of air and less cooling during transport and deposition of PDCs, interpretations that are inconsistent with abundant evidence for substantial entrainment in collapsing fountains and jets (Suzuki et al. 2005; Hall et al. 2013 and references therein), as well as our observations of the physical characteristics of the Cotopaxi and Tungurahua deposits.
Estimation of temperature of volcanic deposits using palaeomagnetic methods
The extent of carbonization of wood (Sawada et al. 2000; Scott & Glasspool 2005) , observations made during eruption (Fujinawa et al. 2008) , thermal imaging and palaeomagnetic data in the form of progressive thermal demagnetization results from lithic clasts embedded within the PDC deposits (e.g. Sawada et al. 2000; Cioni et al. 2004) , have been used to estimate emplacement temperatures. Temperatures of emplacement for PDC deposits range from around 48 8C (Sparks et al. 2002) to approximately 700 8C (Nogami et al. 2001) , and estimates of temperature can vary by 200 -300 8C within different parts of a single deposit (e.g. Zlotnicki et al. 1984; Bardot 2000; Paterson et al. 2010) . In principle, progressive thermal demagnetization data provide a robust method to determine the emplacement temperature of individual clasts, allowing for a detailed perspective of the thermal conditions during deposition of a PDC.
Heating of (accidental) lithic clasts incorporated within a PDC thermally resets the magnetization by partial to complete unblocking of a previous remanence, usually a thermoremanent magnetization (TRM) if the clast is of volcanic origin. Heating takes place from the outside of the lithic fragment to its core, whereas the cooling of a juvenile (magmatic) clast blocks the TRM and the fragment cools from the rim inwards. As a clast cools, magnetization blocking will result in a total or partial TRM aligned with the Earth's magnetic field at the time of cooling. The total TRM is acquired as a single magnetization component if the fragment remains stationary during complete magnetization blocking from elevated temperatures. If the fragment changes its orientation during magnetization blocking, then the total TRM acquired is a composite of magnetizations of different directions. In this case, the orientation of the last component of magnetization acquired will be parallel to the Earth's magnetic field at the moment of deposition. Each component of magnetization acquired at a discrete temperature interval will be unblocked if heated above about that same temperature, assuming that heating and cooling are both rapid (McClelland & Druitt 1989; Paterson et al. 2010) . It is predicted that if a clast was deposited above the Curie point (maximum blocking temperature) or was never reheated in the deposit, it will have a single component of magnetization, as revealed by unidirectional decay of the remanence. In the case of no reheating, the direction of the magnetization should be random among different clasts with the same thermal history. If a reheated clast attains a temperature below the Curie point after it has been deposited, or if it is transported as it cools, then a clast can subsequently block multiple components of magnetization, as partial thermoremanent magnetizations (pTRMs). Progressive thermal demagnetization, in principle, can isolate components acquired as a result of thermal resetting and thus provide estimates of the emplacement temperature of the clasts within a deposit.
Typically, the emplacement temperature of a clast is interpreted as the maximum laboratory unblocking temperature (T ub ) of the remanence that is well grouped and is aligned with the geomagnetic field at the time of cooling, and acquired (blocked) after the deposit came to rest (e.g. Clement et al. 1993; Bardot 2000; Paterson et al. 2010) . Alternatively, another group of researchers recommends excluding extreme values of high and low laboratory unblocking temperatures (T ub ) to determine the predominant temperature of the deposit (Cioni et al. 2004; Zanella et al. 2007 Zanella et al. , 2008 Di Vito et al. 2009 ). For this study, 'low' or 'cold' emplacement temperatures are defined as those that range from 50 to about 210 8C, while 'hot' emplacement temperatures are greater than 500 8C.
Methods
Sample collection and preparation
Clasts were collected from two PDC deposits emplaced during the August 2006 Tungurahua eruption and from three valley-filling PDC deposits from the 1877 eruption at Cotopaxi (Fig. 2) . We collected 18 orientated samples from nine different locations at Tungurahua (one lithic clast and one juvenile clast at each site). An additional 18 orientated clasts were collected (one lithic clast and one juvenile clast) from each of nine locations at Cotopaxi. Between two and three sections from rim to core were cut from a single sample, making a total of 84 specimens from these clast samples that were subjected to progressive thermal demagnetization. The location of the investigated PDC deposits, sample type and number of sections can be found in Table 1 and the locations can be found in Figure 2 .
Juvenile clasts from these scoria-rich PDC deposits have a highly vesicular, cauliflower-like morphology, and are fragile and polygonally jointed. The clasts have a breadcrust texture and many droop over irregularities in the surface on which they were deposited (Fig. 4) . Most of the lithic clasts are dense and have a weathered or altered exterior. We cut sections from rim to core of each juvenile clast and prepared each section into 6.25 cm 3 cubes, while maintaining their orientation, using a non-magnetic diamond saw blade. Lithic clasts were cored using a 2.5 cm-diameter, watercooled non-magnetic diamond bit with a drill press. A single sample number consists of one lithic clast and one juvenile clast. Each clast was sectioned from rim to core into two-four cubes that were progressively demagnetized. The emplacement temperatures were estimated by inspection of progressive demagnetization diagrams and assessment of the directional stability of magnetization components during progressive heating steps.
Magnetization measurements
The monitoring of bulk susceptibility as a function of heating and cooling to temperatures above about 640 8C was conducted on an Advanced Geosciences Instrument Company (AGICO) MFK1-FA susceptibility instrument interfaced with an AGICO CS4 furnace apparatus at the University of Texas at Dallas. In order to identify the main magnetic carriers and detect alteration in magnetic minerals, heating and cooling curves were obtained while the specimen, either crushed whole rock or a magnetic separate, was immersed in argon. Rim and core specimens from the 36 orientated clast samples were progressively thermally demagnetized in the Paleomagnetism Laboratory at the University of New Mexico. Demagnetizations were carried out in air with an average of 11 steps in a magnetically shielded furnace (ASC TD 48) up to temperatures of about 590 8C. The remanence was measured for each sample after every heating step using standard procedures on a 2G Enterprises Model 760R three-axis DC SQUID-based superconducting rock magnetometer in a magnetically shielded environment constructed by Lodestar Magnetics. Demagnetization data were inspected on orthogonal demagnetization diagrams and equalarea projections, and evaluated using PaleoMag v 3.1b2 (Jones 2002) . The remanence unblocked at the lowest temperature steps (25 and 90 8C) was excluded from analysis to avoid possible inclusion of viscous remanent magnetization (VRM: Bardot & McClelland 2000) . Because of the relatively low variation in T ub values estimated in this study, we do not exclude any measured values based on deviation from the mean. For reasons discussed below, we prefer not to assign an emplacement temperature to each entire deposit, and only refer to emplacement temperature estimates with regards to individual clasts.
Results
Description of deposits
Most of the PDC deposits emplaced during the 2006 eruption at Tungurahua volcano and the 1877 eruption at Cotopaxi volcano were deposited in large fans at slope breaks at the mouths of deep valleys (Fig. 5) . The PDC deposits at both volcanoes exhibit lateral facies variations. The PDC deposits are 1 -10 m thick and exhibit reverse grading of the coarse particles, with large cauliflower scoria bombs sitting on top of an ash-rich matrix. Detailed descriptions of the deposits can be found in Douillet et al. (2013a, b) and Hall et al. (2013) .
Granulometric analyses performed at 16 sites in valley-filling deposits at Tungurahua reveal a finesskewed deposit with a median grain size of 2.5 mm. A second facies comprises fine ash, typically ,1 mm diameter, which was deposited as a veneer high on the walls of the canyons. The smaller grains in the deposit are dominantly juvenile ash with lithic clasts, typically having a grain size .8 mm. At both volcanoes, lithic clasts vary widely in shape and composition, with some having edges that are more angular and others being well rounded. Lithic clasts range from fragments of old, altered andesitic lava to dense fresh andesite that was probably eroded from the conduit.
Cotopaxi PDC deposits from the 1877 eruption are similar to Tungurahua eruption deposits, with metre-scale cauliflower scoria bombs resting on beds of finer-grained lapilli and ash. They are channelized and contain lithic clasts that consist of dense andesitic blocks. In addition to PDC deposits, Cotopaxi also has lahar deposits. The largest lahar, Chillos Valley Lahar, which occurred 4.5 kyr BP, flowed north and west of the summit, and left deposits 35-40 m thick (Mothes et al. 1998) . Lahar deposits from the 1877 eruption flow to the north on top of the Chillos Valley Lahar and are up to 1 m thick (Pistolesi et al. 2013) . The lahar deposits extend 6-12 km from the vent, and, similar to the PDC deposits, contain scoria bombs, lithic clasts and leveed channels of ash. The 1877 deposits at Cotopaxi are described in detail in Mothes et al. (1998) , Garrison et al. (2011) and Pistolesi et al. (2011) .
Rock magnetism
Low-field magnetic susceptibility v. temperature curves were obtained from a total of 20 juvenile and lithic clasts. The curves have a reversible behaviour in most of the cases, suggesting a negligible alteration of the magnetic phases during heating and cooling experiments. The inferred Curie temperatures range from 250 and 630 8C (Figs 6 & 7) . Curie temperatures at Cotopaxi are around 200 8C higher than at Tungurahua, indicating they have a different mineral assemblage. Lithic clasts at Cotopaxi have systematically higher Curie temperatures than juvenile clasts, which drop off steeply at about 360 8C (Fig. 6 ). Lithic clasts collected from Tungurahua have the lowest and the highest Curie temperatures (up to 550 8C), while juvenile clasts have Curie temperatures of 300-350 8C (Fig. 7) . These temperatures are well below the Neel temperature of hematite (about 680 8C), suggesting that no growth of this phase occurred.
In some cases (e.g. TU-10-04 Juvenile (core and rim): Fig. 7) there is a clear mixture of phases with different Curie temperatures. In most cases, the heating and cooling curves are close to identical, if not virtually reversible (e.g. CO-10-08 Juvenile (core); TU-10-05 Juvenile (core and rim)). Rim and core samples from the same clast have similar Curie temperatures except for the lithic clast from Co-10-09, where the rim had a lower Curie temperature by about 100 8C (Fig. 6) . Many of the samples show a strong Hopkinson effect, in both heating and cooling.
Palaeomagnetism of juvenile clasts
Most of the juvenile clasts from Cotopaxi and Tungurahua yield a well-defined response to thermal demagnetization, with NRM intensity ranging from 0.04 to 10 A m 21 . The magnetization of each sample was fully unblocked after heating to between 500 and 590 8C. Demagnetization trajectories are typically well defined until magnetization unblocking of more than 99% of NRM has been reached, at which point essentially random directions are measured at each subsequent demagnetization step (Fig. 8) . On the basis of demagnetization behaviour, the likely principal magnetization carrier is a low-Ti titanomagnetite. There is no evidence of an appreciable magnetization carried in secondary hematite, which could result in a CRM that would give rise to an overestimation of the emplacement temperature, as found in some juvenile deposits (e.g. McClelland & Druitt 1989; Airoldi et al. 2012) .
Analysis of the directional components in the juvenile clast samples reveals two components. The low temperature component is defined as T ub , 210 8C and typically has an intensity of around 1-4 A m 21 . The higher unblocking temperature component is typically unblocked over the temperature range from 210 to about 500 8C and is directionally uniform in the juvenile clasts. The remanence typically drops to very low values, ,1% of the NRM, at temperatures above 500 8C, close to complete unblocking. Progressive thermal demagnetization data indicate that the multiple specimens measured from each clast have slight scattering in the lowtemperature component, and a well-grouped, single directional component between 210 and 500 8C. Sample Tu-10-06 is an example of this behaviour (Fig. 8) . It yields a consistent direction that is essentially parallel to the magnetic field at the time of deposition up to, in this case, about 590 8C.
The three exceptional juvenile clasts (Tu-10-07, Co-10-06 and Co-10-03: Table 1, Fig. 2 ) reveal a systematic change in direction with progressive demagnetization (Fig. 9) . The lower T ub components that are initially unblocked, however, do not have directions that are consistent with the geomagnetic field at the time of emplacement and are difficult to interpret. Instead, they yield magnetizations that are .308 from the geomagnetic field at the time of emplacement. For specimens from the core of sample Tu-10-07, the first removed and the first magnetization component, which persists up to a temperature of about 500 8C, yields a direction Fig. 7 . Plots of bulk, low field susceptibility (x) as a function of temperature for powders of specimens from both juvenile and lithic clasts from the Tungurahua deposits. Heating curves (grey line) and cooling curves (black line) obtained with the specimen in an inert (Ar gas) atmosphere. that differs from the geomagnetic field at the time of emplacement by at least 308 (Fig. 10) . At progressively higher T ub , the inclination remains constant but the declination changes to about 3208. Specimens from the rim of this sample yield magnetizations that exhibit a progressive shift in declination from about 3208 at low unblocking temperatures to approximately 1808 at more elevated temperatures (Fig. 10) .
Like the other juvenile clasts, specimens from clast samples Co-10-06 and Co-10-03 yield a single direction of magnetization over the entire T ub spectra. Because the directions of the magnetization resolved are consistent throughout the entire range of laboratory unblocking temperatures and similar to one another, the two samples probably cooled in a single location; this observation is consistent with the interpretation that the clasts are juvenile material. However, unlike other juvenile clasts, the directions resolved from these clasts differ by more than 1008 from the geomagnetic field (Fig. 9) . Only transportation of the clasts after cooling below these temperatures can result in this observation.
We compared the directions from clasts with single magnetization components with the presentday Earth's magnetic field for Tungurahua in 2006. Declination of 21.58 and inclination of 20.38 are calculated for this locality using the IGRF-11 model (IGRF reference: http://wdc.kugi.kyoto-u.ac. jp/igrf/point/index.html). The magnetic field for Cotopaxi in 1900 had a declination of 7.38 and an inclination of 16.08 (Figs 11 & 12) . Maximum T ub for specimens of juvenile clasts is about 590 8C, and the distribution of magnetizations isolated from almost all the samples from these clasts overlaps the ambient magnetic field at the time of deposition (Fig. 11) . The number of specimens accepted to provide an estimated average declination includes all the sections from each sample, including rim and core, as the directions from each did not appreciably differ. Most of the single components are orientated close to the present-day (1900) geomagnetic field for Cotopaxi (Fig. 11a ) and present-day (2006) field for Tungurahua (Fig. 11b) . These data are interpreted to indicate that these magnetization components were acquired during cooling and after emplacement of deposits at temperature higher than 590 8C (i.e. the maximum blocking temperature: Table 1 ).
Palaeomagnetism of lithic clasts
Most of the lithic clasts exhibit progressive thermal demagnetization behaviour that is similar to juvenile clasts. NRM intensities of the juvenile clasts range from 0.01 to 25 A m 21 . Most of the specimens are completely thermally unblocked by 575-600 8C. (Table 1 ). The single component of magnetization that is identified for most juvenile clasts is also observed in lithic samples. This component is well defined and typically unblocks over a temperature range from about 210 to 590 8C. The directions of this component are dispersed about the ambient geomagnetic field directions for the deposits. We interpret this component as the characteristic remanent magnetization (ChRM).
The directions of the ChRMs in lithic clasts are compared to the expected geomagnetic fields for the Cotopaxi and Tunguarahua volcanoes. The clasts from Cotopaxi yield relatively scattered directions with an estimated mean direction of declination (D) ¼ 14.48 and incliation (I) ¼ +33.88 (n ¼ 20, a 95 ¼ 16.48), with the ambient field direction included in the 95% confidence limit (Fig. 12a) . Magnetization directions from clasts from Tungurahua are more dispersed than those from Cotopaxi, as shown in Figure 12b . The fact that most of the magnetization directions lie within the NE quadrant implies a non-random population, yet the greater dispersion of these directions, in contrast to magnetizations isolated from juvenile clasts at both high and low T ub intervals (Fig. 12) , is notable. Two lithic clasts from Tungurahua have high T ub magnetizations that are similar in direction to that of the ambient geomagnetic field. Specimens from sample Tu-10-01 yields single-component magnetizations of low T ub that cluster around the geomagnetic field up to about 210 8C (Fig. 13) .
Specimens from sample Tu-10-02, however, exhibit a single component of magnetization, with a broad T ub spectrum ranging from about 90 to 575 8C, and the magnetizations isolated in these specimens cluster around the ambient geomagnetic field, similar to those from the juvenile samples from this deposit (Fig. 10) . Tu-10-02 is the only example of a lithic clast that appears to have been sufficiently heated in situ to completely unblock its initial remanence.
Discussion
Emplacement temperatures of boiling-over Tungurahua and Cotopaxi PDC deposits
Locally uncharred wood (Pollock et al. 2010) , unmelted plastic (Hall et al. 2013) and undamaged vegetation were all found in parts of the Tungurahua PDC deposits after the 2006 eruption, indicating that not all parts of these PDCs were hot. At other locations, charred wood surrounding and within the 2006 PDC deposits indicates local temperatures as high as 300 8C (Pollock et al. 2010) .
Because the remanence preserved in an assemblage of magnetic phases in volcanic rocks is blocked over a range of temperatures during cooling, palaeomagnetic data in the form of progressive thermal demagnetization measurements can be used to estimate the emplacement temperature of volcanic deposits (e.g. Aramaki & Akimoto 1957; Mandeville et al. 1994; Bardot 2000) . The emplacement temperature can be accurately estimated in the case in which the clasts have a welldefined, first-removed component of magnetization isolated over a range of relatively low laboratory unblocking temperatures that is similar in direction to the ambient expected geomagnetic field attending emplacement of the deposit. When the clast is characterized by single magnetic component, stable up to its maximum laboratory unblocking temperature, then this temperature can be used as the minimum emplacement temperature for that clast.
Other palaeomagnetic studies conducted on juvenile materials with high laboratory unblocking temperature magnetizations have concluded that a chemical remanent magnetization (CRM) can mask the thermoremanent magnetization (TRM), which typically is apparent by curvatures in demagnetization trajectories in progressive demagnetization diagrams (Zlotnicki et al. 1984; McClelland & Druitt 1989; Bardot et al. 1996; Bardot & McClelland 2000) as a result of overlapping unblocking temperature spectra of different components. Little curvature in behaviour is observed in our samples and the data available do not support the presence of appreciable hematite in these rocks. Consequently, we believe that the emplacement temperatures estimated from the scoria bombs are not affected by CRM contamination. One possible explanation for the importance of CRM in some temperature emplacement studies is that they have been mostly carried out on on silicic clasts, which might be more susceptible to secondary crystallization, whereas Cotopaxi and Tungurahua erupted mafic andesite. Fig. 13 . Intensity decay, equal-area and orthogonal projections of a lithic clast from Tungurahua with a single component of magnetization stable up to 210 8C. This clast was heated at temperatures equal or higher than 210 8C. Symbols are the same as in Figure 8 .
All of the specimens prepared from juvenile clasts at Tungurahua exhibit a single component of magnetization that is isolated up to 500 -590 8C. The estimated mean direction derived from these rocks is similar in direction to the expected geomagnetic field direction at the time of emplacement. These palaeomagnetic results are consistent with those obtained by Roperch et al. (2014) from the same PDC deposits. The authors, who reported palaeointensity data from these deposits, also concluded there was no CRM augmenting the emplacement temperature as the magnetic grains in the samples were predominantly single-domain titanomagnetite with no hematite overgrowths.
For most of the lithic clasts at Tungurahua, the single magnetization component is considerably dispersed and thus not well aligned with the geomagnetic field at the time of eruption. Thus, we interpret these data to indicate that these clasts remained below about 90 8C as they were incorporated, transported and deposited by the PDC. This palaeomagnetic signal is consistent for both the cores and the rims of the lithic clasts. Our interpretation of a high emplacement temperature for two exceptional clasts assumes that they were heated at source (e.g. possibly in the conduit) and retained heat during transport (Hall et al. 2013) . If correct, our interpretations imply large variations of thermal heterogeneity (.500 8C difference) between juvenile and incorporated lithic clasts. This thermal heterogeneity is observed at the scale of a single outcrop in which hot juvenile scoria and cold lithic clasts coexist without efficient heat transfer.
It is important to note that the deposit was not hot enough to heat even the outermost part of the lithic clasts. We found that specimens prepared from the outer 2-3 cm rim of the clasts record the same palaeomagnetic orientations as those specimens obtained from the core. At Cotopaxi, seven of the nine sampling sites include juvenile clasts that were emplaced above 590 8C, whereas all of the lithic clasts appear to have been emplaced below 90 8C. This indicates that the thermal heterogeneity seen at Tungurahua was also present in the deposits at Cotopaxi. Similar evidence for highly variable emplacement temperature of PDC deposits has been recognized in other studies. Previous studies of two different PDC deposits have estimated emplacement temperatures that range from about 48 8C, measured by thermocouple (Sparks et al. 2002) , to around 700 8C, estimated by the mobility of chlorine and sulphur between the gas and ash of a PDC (Nogami et al. 2001) . The highest emplacement temperature estimated from progressive thermal demagnetization data is approximately 680 8C . Cooler temperatures are also commonly measured.
The lack of juvenile material accompanying steam eruptions and pyroclastic surges at the Adatara, Bandai and Zao volcanoes, in Japan, led to the hypothesis that the deposits were all emplaced at temperatures of less than 100 8C (Fujinawa et al. 2008) . Other relatively low emplacement temperature estimates for PDC deposits were measured with thermocouples, including deposits from Mount Etna at about 200 8C (Belousov et al. 2011) , Montserrat at 48 8C (Sparks et al. 2002) , and Mount St. Helens between 50 and 250 8C (Banks & Hoblitt 1996) .
Palaeomagnetic studies of PDC deposits from silicic volcanic systems have also yielded relatively low emplacement temperature estimates: Colli Albani, .160 8C (Porreca et al. 2008) ; Ruapehu, ,100 8C (Smith et al. 1999) ; Vesuvius, .180 8C (Cioni et al. 2004) ; Santorini, .160 8C (Bardot 2000) ; and Taupo, .150 8C (McClelland et al. 2004) . In many of these examples, the presence of uncharred organic matter is cited as evidence indicating moderate emplacement temperatures because temperatures must have been above 250-300 8C to char the wood (Sawada et al. 2000; Scott & Glasspool 2005; Scott et al. 2008) . Physical characteristics of low-temperature PDC deposits include unwelded, poorly sorted deposits (Fujinawa et al. 2008 ), uncharred vegetation (e.g. Sparks et al. 2002 McClelland et al. 2004) and, in some, accretionary lapilli (e.g. Cioni et al. 2004; Porreca et al. 2008; Belousov et al. 2011) . In summary, a wide range of emplacement temperatures for PDC deposits has been documented in volcanoes around the world, and emplacement temperatures for clasts between 50 and 300 8C in these deposits are frequent. As far as we know, however, a broad range of emplacement temperatures has not been determined for both lithic and juvenile clasts in a single deposit, as is suggested by the results reported here. The major outcome of this study is that the Cotopaxi and Tungurahua clasts show evidence of both hot and cold regions within the same PDC, at the scale of the outcrop.
We propose that the matrix insulated the lithic clasts from the juvenile clasts, and the matrix must have cooled during transport by air entrainment. We hypothesize that air entrainment and cooling during transportation is especially important in boiling-over PDCs, which is consistent with observations of relatively low flow velocities at Tungurahua (Hall et al. 2013) . This contradicts previous speculations on boiling-over eruptions, which assume that low fountaining produces little entrainment and promotes low cooling rates during flow (Freundt 1999) . Limited entrainment of ambient air during the fountain phase may initially inhibit cooling of the PDC, but simulations by Clarke et al. (2002) and Dufek & Bergantz (2007) show a greater degree of air entrainment during flow than PDCs originating from a buoyant eruptive column.
The deposits at Tungurahua and Cotopaxi do not contain significant amounts of pumice or dense juvenile clasts, and, therefore, cannot be classified as either an ignimbrite or a block-and-ash deposit (Branney & Kokelaar 2002) . Instead, they are constituted of scoria bombs and large lithic clasts embedded in a coarse-ash and lapilli matrix, and are similar to deposits observed at arc volcanoes such as Aso and Arenal (e.g. Mothes et al. 1998; Alvarado & Soto 2002; Cole et al. 2005; Miyabuchi et al. 2006) . We interpret the palaeomagnetic data presented here to indicate that the cauliflowertextured scoria bombs are associated with thermally heterogenous gravity flows. The scoria bombs have a texture that is consistent with substantial air entrainment, namely a quenched outer rind, but an expanded interior. We suggest scoria-rich PDCs are a common characteristic of thermally heterogenous boiling-over eruptions.
Model of thermal heterogeneity within the deposit
The extent to which a lithic clast is heated after being incorporated into a hot flow of pyroclastic material consisting of gas, ash and clasts can be readily estimated. We use the temperatures determined from the progressive thermal demagnetization of lithic clasts to model the minimum temperature of the surrounding material at the time of deposition. A numerical model of a spherical clast with a radius of 10 cm being heated by conduction from rim to core was devised. The model tests the time needed to heat a layer within the clast at a particular depth to a given temperature (Fig. 14) .
The temperature of a spherical lithic clast that is being heated conductively by its surroundings is governed by a heat conductivity equation (Carslaw & Jaeger 1959) :
where r is the distance from the centre of the clast, t is time, T 0 is clast temperature at t ¼ 0, T e is the temperature of the medium, 1 is the dimensionless distance from the centre of the clast ; (r/a), t is the dimensionless Fourier number ; (kt/a 2 ), a is the radius of the clast and k is the thermal diffusivity. We assume that the matrix of the deposit has a uniform temperature (i.e. a constant temperature boundary condition for the lithic clast's surroundings). This provides an extreme condition for heating of the clasts (i.e. cooling of the matrix and removal of heat by convection of gas would result in cooler temperatures everywhere in space and time). This model has been used to calculate cooling of a PDC deposit by entrainment of cold lithic clasts (Marti et al. 1991) , as well as to demonstrate that the lithic clasts at Santorini were already at elevated temperatures before incorporation into the PDC, rather than being reheated by the PDC (Bardot 2000) . A clast achieves significant heating through the core when t ¼ 1, which indicates a timescale of between 7 and 11 h for 90% heat exchange in a 10 cm-diameter clast with porosities of between 10 and 60%, and k values of 4.0 × 10 27 -2.5 × 10 27 m 2 s 21 (Riehle et al. 1995) . As the clast temperature adjusts to the volumetrically dominant matrix, the bulk deposit simultaneously cools through heat loss to the ground and atmosphere. Although cooling of the matrix will result in a diminished extent of heating of the lithic clasts, the temperature of the matrix will cool less than 1 8C in 7 -11 h (Fig. 14) . This can be demonstrated with the equation describing cooling of a sheet:
where z ¼ 1/a, w ¼ 2-z and a is the thickness of the sheet (Jaeger 1968) . For the few lithic clasts (Tu-10-01 and Tu-10-02) that reached temperatures sufficient to reset the previous remanence (higher than 210 8C for Tu-10-01 and higher than 550 8C for Tu-10-02), our model indicates that the matrix temperature must be slightly higher (10 -20 8C) than the maximum temperature of a clast to heat a 10 cm lithic clast uniformly before the entire deposit cools. For the majority of the lithic clasts, which were not reheated above 90 8C, this indicates the temperature of emplacement more the surrounding ashy matrix could be no higher than 100 8C where in direct contact with lithic clasts.
Importance of sampling lithic and juvenile clasts
Because temperatures can range by over 500 8C in Cotopaxi and Tungurahua PDC deposits over the scale of centimetres to metres, it would be misleading to assign a single, average emplacement temperature to a scoria-rich PDC or the deposits that it forms. The results presented here support the hypothesis that PDC deposits are exceedingly thermally heterogeneous at the time of deposition (e.g. Marti et al. 1991) . Furthermore, the temperature differences between lithic and juvenile clasts highlight the importance of air entrainment and cooling during flow. The palaeomagnetic data reported here indicate that the Cotopaxi and Tungurahua PDCs are a 'cold-matrix, hot-bomb' type of PDC, supporting the hypothesis that the current cooled by ingestion of large amounts of air during flow. In fact, the fine-grained material cooled to nearly ambient temperature before deposition, and few lithic fragments were heated to appreciable temperatures, even within their outermost centimetre. At the same time, juvenile magmatic clasts barely cooled and remained hot enough to deform after deposition. The proximity of cold lithic and hot juvenile clasts, and the progressive thermal demagnetization results, indicate local (,1 m scale) temperature variations of .500 8C within the deposit. Emplacement temperatures estimated only from the palaeomagnetic data from juvenile scoria bombs would have led to the interpretation of a 'hot PDC' (deposition .500 8C), whereas measurements of only lithic clasts would have indicated a 'cold PDC' or even a lahar. Consideration of both types of clasts permits more thorough documentation of the thermal history of PDCs and characterization of boiling-over pyroclastic flows.
Out of 13 studies that report progressive thermal demagnetization data to estimate deposition temperatures, most have examined only lithic clasts (Bardot 2000; Cioni et al. 2004; McClelland et al. 2004; Porreca et al. 2008; Gernon et al. 2009; Paterson et al. 2010; Lesti et al. 2011) . Two focus on juvenile material (Saito et al. 2003; PaquereauLebti et al. 2008) , and one study does not specify the nature of the materials analysed (Aramaki & Akimoto 1957) . Only two studies of which we are aware since the work of Aramaki & Akimoto (1957) examined both juvenile material and lithic clasts (Mandeville et al. 1994; Sawada et al. 2000) . Most clasts (pumice, obsidian and lithic) from the 1883 Krakatau ignimbrite yielded emplacement temperatures of 475-550 8C, indicating that all clasts were heated during flow or after deposition (Mandeville et al. 1994) . These PDC deposits are large-volume siliceous ignimbrites. The wide range in inferred emplacement temperatures in the Taiheizan, Japan, block-and-ash deposit (100 -500 8C for lithic clasts and 250-560 8C for juvenile clasts) is not discussed and interpreted in detail (Sawada et al. 2000) . The reported range in emplacement temperatures at Taiheizan may be an indication of thermal heterogeneity attributable to different extents of air entrainment over short length scales in block-and-ash flows. from andesitic volcanoes produce density currents with low matrix temperatures and hot (magmatic temperature) juvenile clasts. By definition, boilingover eruptions do not produce large-scale buoyant plumes via buoyancy reversals, and the flows may begin with relatively high densities because they do not entrain air during plume ascent or plunging from high altitude. They must engulf large volumes of air as they descend, however, which can aid transport of clasts (Dufek et al. 2009 ).
Hazard mitigation requires accurate knowledge of the temperature of pyroclastic flows (e.g. Zanella et al. 2007) . The presence of scoria bombs and unheated lithic clasts signifies that thermal damage may not be widespread, but damage and injury from abrasion, force of collision and suffocation remain dangerous. Likewise, the scoria clasts, which constitute a significant fraction of the deposits, are close to magmatic temperatures and present a thermal hazard.
Conclusions
Palaeomagnetic estimates of emplacement temperatures of PDC deposits from the 1877 eruption at Cotopaxi and the 2006 eruption at Tungurahua reveal a thermally heterogeneous mixture of lithic and juvenile clasts at the time of deposition. Cold lithic clasts were emplaced less than 1 m away from hot juvenile clasts, and are interpreted to imply a cool and insulating ashy matrix due to the extent of air entrainment during flow. Most of the lithic clasts from Tungurahua were never heated above about 90 8C, even in their outer rims, indicating they were deposited from currents that were below magmatic temperatures at the time of emplacement. Two sample sites have lithic clasts that record elevated emplacement temperatures (.210 and .540 8C), indicating deposition of hot material for a limited time or in isolated locations. Most of the Cotopaxi juvenile clasts have emplacement temperatures that certainly are higher than 560-590 8C, but lithic clasts were deposited cold, similar to most of the Tungurahua lithic clasts. Two Cotopaxi deposits contain juvenile and lithic clasts that both record cold (,90 8C) emplacement temperatures and are interpreted as originating from hot PDC deposits that were then remobilized after cooling.
Future palaeomagnetic studies of pyroclastic deposits should obtain data from both juvenile and lithic clasts in order to distinguish between cold and hot PDCs. Cauliflower-like scoria bombs are associated with thermally heterogenous deposits at Cotopaxi and Tungurahua, suggesting that scoriarich PDC deposits are good indicators of a boilingover eruptive style that rapidly cools during flow.
